| ecture Notes In

Mathematics

Edited by A. Dold and B. Eckmann
4492

Calvin H. Wilcox

Scattering Theory for the
d'Alembert Equation
in Exterior Domains

Springer-Verlag
Berlin - Heidelberg - New York



| ecture Notes in
Mathematics

Edited by A. Dold and B. Eckmann

442

Calvin H. Wilcox

Scattering Theory for the
d’Alembert Equation

in Exterior Depmaiqs

-~

Springer-Verlag
Berlin - Heidelberg - New York 1975




Dr. Calvin H. Wilcox
Department of Mathematics
The University of Utah

Salt Lake City, UT 84112/USA

Library of Congress Cataloging in Publication Data

Wilcox, Calvin Hayden.
Scattering theory for the d'Alembert wave equation
in exterior domains.

(Lecture notes in mathematics ; kL2)
Bibliography: p.
Includes index.
1. Sound-waves--Scattering. 2. Wave equation.
5. Lagrange equations. 4. Laplacian operator.
I. Title. II. Series: Lecture notes in math-
ematics (Berlin) ; kho,
Qn3.128 no.kh2 [Qc2b3.3.53] 510'.8s [534.2]
75-6605

AMS Subject Classifications (1970): 35 B40,35L05,35P10,35P 25,
76 Q05

ISBN 3-540-07144-X Springer-Verlag Berlin - Heidelberg - New York
ISBN 0-387-07144-X Springer-Verlag New York - Heidelberg - Berlin

This work is subject to copyright. All rights are reserved, whether the whole
or part of the material is concerned, specifically those of translation,
reprinting, re-use of illustrations, broadcasting, reproduction by photo-
copying machine or similar means, and storage in data banks.

Under § 54 of the German Copyright Law where copies are made for other
than private use, a fee is payable to the publisher, the amount of the fee to
be determined by agreement with the publisher.

© by Springer-Verlag Berlin - Heidelberg 1975. Printed in Germany.

Offsetdruck: Julius Beltz, Hemsbach/Bergstr.



Lecture Notes in Mathematics

Vois. 1-216 are also available. For further information, please
contact your book-seller or Springer-Verlag.

Vol. 217: T. J. Jech, Lectures in Set Theory. With Particular Em-
phasis on the Method of Forcing. VI, 137 pages. 1971. DM 18,-

Vol. 218: C. P. Schnorr, Zutilligkeit und Wahrscheinlichkeit. IV, 212
Seiten. 1971.DM 22,

Vol. 219: N. L. Alling and N. Greenleaf, Foundations of the Theory of
Klein Surfaces. IX, 117 pages. 1971.DM 18,—

Vol. 220: W. A. Coppel, Disconjugacy. V, 148 pages. 1971. DM 18,~

Vol. 221: P. Gabriel und F. Ulmer, Lokal prasentierbare Kategorien.
V, 200 Seiten. 1971. DM 20,

Vol. 222: C. Meghea, Compactification des Espaces Harmoniques.
N, 108 pages. 1971.DM 18,

Vol. 223: U. Felgner, Models of ZF-Set Theory. Vi, 173 pages. 1971.
OM 18-

Vol. 224: Revétements Etales et Groupe Fondamental. (SGA 1). Dirigé
par A. Grothendieck. XXIl, 447 pages. 1971. DM 33,-

Vol. 225: Théorie des Intersections et Théoréme de Riemann-Roch.
(SGA 6). Dirigé par P. Berthelot, A. Grothendieck et L. [llusie. X,
700 pages. 1971. DM 44 -

Vol. 226: Seminar on Potential Theory, ll. Edited by H. Bauer. IV,
170 pages. 1971. DM 20,~

Vol. 227: H. L. Monigomery, Topics in Multiplicative Number Theory.
1X, 178 pages. 1971.DM 20,-

Vol. 228: Conference on Applications of Numericai Analysis. Edited
by J. L1 Morris. X, 358 pages. 1971. DM 29,-

Vol. 229: ). Viisils, Lectures on n-Dimensional Quasiconformal Map-
pings. XIV, 144 pages. 1971.DM 18,—

Vol. 230: L. Waelbroeck, Topological Vector Spaces and Algebras.
Vil, 158 pages. 1971.DM 18,-

Vol. 231: H. Reiter, L'-Algebras and Sega) Algebras. XI, 113 pages.
1971.DM 18,

Vol. 232: T. H. Ganelius, Tauberian Remainder Theorems. VI, 75
pages. 1971.DM 18,—

Vol. 233: C. P. Tsokos and W. ). Padgett. Random Integral Equations
with Applications 1o Stochastic Systems. VIi, 174 pages. 1971. DM
20,~

Vol. 234: A. Andreotti and W. Stoll. Analytic and Algebraic Depen-
dence of Meromorphic Functions.. lll, 390 pages. 1971. DM 29,—

Vol. 236: Global Differentiable Dynamics. Edited by O. Hajek, A. J.
Lohwater, and R. McCann. 17 figures. X, 140 pages. 1971. DM 18,-

Vol. 236: M. Barr, P. A. Grillet, and D. H. van Osdol, Exact Cate-
gories and Categories of Sheaves. VI, 239 pages. 1971. DM 22,-

Vol. 237: B. Stenstrém, Rings and Modules of Quotients. VIi, 136
pages. 1971.DM 18,-

Vol. 238: Der kanonische Modul eines Cohen-Macaulay-Rings. Her-
ausgegeben von Jirgen Herzog und ErnstKunz. VI, 103 Seiten. 197 1.
DM 18,—

Vol. 239: L. lllusie, Complexe Cotangent et Déformations I. XV, 355
pages. 1971.DM 29,-

Vol. 240: A. Kerber, Representations of Permutation Groups |. VH,
192 pages. 1971. DM 20,-

Vol. 241: S. Kaneyuki, Homogeneous Bounded Domains and Siegel
Domains. V, 89 pages. 1971.DM 18,-

Vol. 242: R. R. Coifman et G. Weiss, Analyse Harmonique Non-
Commutative sur Certains Espaces. V, 160 pages. 1971. DM 18,~

Vol. 243: Japan-United States Seminar on Ordinary Differential and
Functional Equations. Edited by M. Urabe. VIli, 332 pages. 1971.
DM 29—

Vol. 244: Séminaire Bourbaki - vol. 1970/71. Exposés 382-399.
iV, 356 pages. 1971.DM 29,~

Vol. 245: D. E. Cohen, Groups of Cohomological Dimension One. V,
99 pages. 1972.DM 18,-

Vol. 246: Lectures on Rings and Modules. Tulane University Ring
and Operator Theory Year, 1970-1971. Volume |. X, 661 pages.
1972.DM 44 -

Vol. 247: Lectures on Operator Algebras. Tulane University Ring and
Operator Theory Year, 1970-1971. Volume i1 X}, 786 pages. 1972.
DM 44,-

Vol. 248: Lectures on the Applications of Sheaves to Ring Theory.
Tulane University Ring and Operator Theory Year, 1970-1971. Vol-
ume 1. VI, 315 pages. 1971.DM 29,-

Vol. 249: Symposium on Algebraic Topology. Edited by P. J. Hilton.
Vi, 111 pages. 1971.DM 18,—

Vol. 250: B. Jénsson, Topics in Universal Algebra. VI, 220 pages.
1972.DM 22,-

Vol. 251: The Theory of Arithmetic Functions. Edited by A. A. Gioia
and D. L. Goldsmith VI, 287 pages. 1972.DM 27—

Vol. 252: D. A. Stone, Stratified Polyhedra. IX, 193 pages. 1972.
DM 20,-

Vol. 253: V. Komkov, Optimal Control Theory for the Damping of Vibra-
tions of Simple Elastic Systems. 5 fig. V, 240 pages. 1972. DM 22,-

Vol. 254: C. U. Jensen, Les Foncteurs Dérivés de |im proj. et leurs
Applications en Theorie des Modules. V, 103 pages. 1972. DM 18,-

Vol. 255: Conference in Mathematical Logic — London '70. Edited by
W. Hodges. VIll, 351 pages. 1972. DM 28,

Vol. 256: C. A. Berenstein and M. A. Dostal, Analytically Uniform
Spaces and Their Applications to Convolution Equations. Vil, 130
pages. 1972.DM 18,-

Vol. 257: R. B. Holmes, A Course on Optimization and Best Ap-
proximation. VIH, 233 pages. 1972. DM 22,

Vol. 258: Séminaire de Probabilités VI. Edited by P. A. Meyer. VI,
253 pages. 1972. DM 24,—

Vol. 269: N. Moulis, Structures de Fredholm sur les Variétés Hilber-
tiennes. V, 123 pages. 1972.0M 18—

Vol. 260: R. Godement and H. Jacquet, Zeta Functions of Simple
Algebras. IX, 188 pages. 1972. DM 20,-

Vol. 261: A. Guichardet, Symmetric Hilbert Spaces and Related To-
pics.V, 197 pages. 1972. DM 20,

Vol. 262: H. G. Zimmer, Computational Problems, Methods, and
Results in Algebraic Number Theory. V, 103 pages. 1972. OM 18,-

Vol. 263: T. Parthasarathy, Selection Theorems and Their Applica-
tions. VI, 101 pages. 1972.DM 18-

Vol. 264: W. Messing, The Crystals Associated to Barsotti-Tate
Groups: With Applications to Abelian Schemes. I, 190 pages.
1972.DM 20,-

Vol. 265: N. Saavedra Rivano, Categories Tannakiennes. il, 418
pages. 1972.DM 29,

Vol. 266: Conference on Harmonic Analysis. Edited by D. Gulick
andR.L.Lipsman. VI, 323 pages. 1972. DM 27 -

Vol. 267: Numerische Losung nichtlinearer partieller Differential-
und Integrodifferentialgleichungen. Herausgegeben von R. An-
sorge und W. Tornig, Vi, 338 Seiten. 1972. DM 29,-

Vol. 268: C. G. Simader, On Dirichlet's Boundary Value Problem. IV,
238 pages. 1972.DM 22,-

Vol. 269: Théorie des Topos et Cohomologie Etale des Schémas.
(SGA 4). Dirigé par M. Artin, A. Grothendieck et J. L. Verdier. XIX,
525 pages. 1972.OM 55,—

Vol. 270: Théorie des Topos et Cohomologie Etale des Schémas.
Tome 2. (SGA 4). Dirigé par M. Artin, A. Grothendieck et J. L. Verdier.
VI, 418 pages. 1972. DM 55,

Vol. 271: ). P. May, The Geometry of lterated Loop Spaces. IX, 175
pages. 1972.DM 20,-
Vol. 272: K. R. Parthasarathy and K. Schmidt, Positive Definite Ker-

nels. Continuous Tensor Products, and Central Limit Theorems of
Probability Theory. VI, 107 pages. 1972. DM 18,-

Vol. 273: U. Seip, Kompakt erzeugte Vektorriaume und Analygis. IX,
119 Seiten. 1972.DM 18,-

Vol. 274: Toposes, Algebraic Geometry and Logic. Edited by. V\/
Lawvere. VI, 189 pages. 1972. DM 20,

Vol. 275: Séminaire Pierre Lelong (Analyse) Année 19F8-187 1. VW
181 pages. 1972. DM 20,-

Vol. 276: A. Borel, Représentations de Grou Lycoement Corp-
pacts. V, 98 pages. 1972. DM 18,— Pog Lememe

| caontinuation on page 187




¥/ 60

Vol. 277: Seminaire Banach. Edité par C. Houzel. VI, 229 pages.
1972.DM 22,-

Vol. 278: H. Jacquet, Automorphic Forms on GL(2} Part Il XIIl, 142
pages. 1972.DM 18,-

Vol. 279: R. Bott, S. Gitler and I. M. James, Lectures on Aigebraic and
Differential Topology. V, 174 pages. 1972. DM 20,~

Vol. 280: Conference on the Theory of Ordinary and Partial Differen-
tial Equations. Edited by W. N. Everitt and B. D. Sleeman. XV, 367
pages. 1972.DM 29—

Vol. 281: Coherence in Categories. Edited by S. Mac Lane. VI, 235
pages. 1972.DM 22—

Vol. 282: W. Klingenberg und P. Flaschel, Riemannsche Hilbertman-
nigfaltigkeiten. Periodische Geodatische. VI, 211 Seiten. 1972.
DM 22,

Vol. 283: L. Illusie, Complexe Cotangent et Déformations H. VII, 304
pages. 1972.DM 27—

Vol. 284: P. A. Meyer, Martingales and Stochastic Integrals 1. VI, 89
pages. 1972.DM 18,-

Vol. 285: P. de la Harpe, Classical Banach-Lie Algebras and Banach-
Lie Groups of Operators in Hilbert Space. Ill, 160 pages. 1972.
DM 18-

Vol. 286: S. Murakami, On Automorphisms of Siegei Domains. V,
95 pages. 1972.DM 18-

Vol. 287: Hyperfunctions and Pseudo-Differential Equations. Edited
by H. Komatsu. VIl, 529 pages. 1973. DM 40,-

Vol. 288: Groupes de Monodromie en Géométrie Algebrique. (SGA 7
1). Dirigé par A. Grothendieck. IX, 523 pages. 1972. DM 55,-

Vol. 289: B. Fuglede, Finely Harmonic Functions. llf. 188. 1972.
DM 20,-

Vol. 290: D. B. Zagier, Equivariant Pontrjagin Classes and Applica-
tions to Orbit Spaces. X, 130 pages. 1972. DM 18,—

Vol. 291: P. Orlik, Seifert Manifolds. VIIl, 155 pages i972. DM 18,-

Vol. 292: W. D. Wallis, A. P. Street and ). S. Wallis, Combinatorics:
Room Squares, Sum-Free Sets, Hadamard Matrices. V. 508 pages.
1972.DM 55,~

Vol. 293: R. A. DeVore, The Approximation of Continuous Functions
by Positive Linear Operators. VIII, 289 pages. 1972. DM 27~

Vol. 294: Stability of Stochastic Dynamical Systems. Edited by R. F.
Curtain. 1X, 332 pages. 1972. DM 29,-

Vol.295: C. Dellacherie, Ensembles Anaiytiques Capacités. Mesures
de Hausdorff. Xil, 123 pages. 1972 DM 18—

Vol. 296: Probability and Information Theory Il. Edited by M. Behara,
K. Krickeberg and J. Wolfowitz. V, 223 pages. 1973. DM 22 -

Vol. 297: J. Garnett, Analytic Capacity and Measure. IV, 138 pages.
1972.DM 18 -

Vol. 298: Proceedings of the Second Conference on Compact Trans-
formation Groups. Part 1. XIll, 453 pages. 1972. DM 35,-

Vol. 299: Proceedings of the Second Conference on Compact Trans
formation Groups. Part 2. X1V, 327 pages. 1972. DM 29—

Vol. 300: P. Eymard, Moyennes Invariantes et Représentations Uni-
taires. Il,113 pages. 1972.DM 18,-

Vol. 301: F. Pittnauer, Vorlesungen Uber asymptotische Reihen. VI,
186 Seiten. 1972.DM 18,-

Vol. 302: M. Demazure, Lectures on p-Divisible Groups. V, 98 pages.
1972.0M 18,-

Vol. 303: Graph Theory and Applications. Edited by Y. Alavi. D. R. Lick
and A. T. White. IX, 329 pages. 1972.DM 26 -

Vol. 304: A. K. Bousfield and D. M. Kan, Homotopy Limits, Comple-
tions and Localizations. V, 348 pages. 1972. DM 29,-

Vol. 305: Théorie des Topos et Cohomologie Etale des Schémas.
Tome 3. (SGA 4). Dirigé par M. Artin, A. Grothendieck et J. L. Verdier.
VI, 640 pages. 1973.DM 55,-

Vol. 306: H. Luckhardt, Extensional Godel Functional Interpretation.
V1,161 pages. 1973.DM 20—

Vol. 307: J. L. Bretagnolie. S. D. Chatterji et P.-A. Meyer, Ecole d'éte
de Probabilités: Processus Stochastiques. VI, 198 pages. 1973.
DM 22,-

Vol. 308: D. Knutson, ARings and the Representation Theory of the
Symmetric Group. IV, 203 pages. 1973.DM 22—

Vol. 309: D. H. Sattinger, Topics in Stability and Bifurcation Theory.
VI,190 pages. 1973.DM 20,-

Vol. 310: B. Iversen, Generic Local Structure of the Morphisms in
Commutative Algebra. IV, 108 pages. 1973.DM 18,—

Vol.311: Conference on Commutative Algebra. Edited by J. W.Brewer
and E. A. Rutter. VII, 261 pages. 1973. DM 24,-

Vol. 312: Symposium on Ordinary Differential Equations. Edited by
W. A. Harris, Jr. and Y. Sibuya. VIll, 204 pages. 1973. DM 22,-

Vol. 313: K. Jorgens and J. Weidmann, Spectral Properties of Hamil-
tonian Operators. HI, 140 pages. 1973.DM 18,—

Vol. 314: M. Deuring, Lectures on the Theory of Algebraic Functions
of One Variable. VI, 151 pages. 1973. DM 18,-

Vol. 315: K. Bichteler, Integration Theory (with Special Attention to
Vector Measures). VI, 357 pages. 1973.DM 29,-

Vol. 316: Symposium on Non-Well-Posed Problems and Logarithmic
Convexity. Edited by R. J. Knops. V. 176 pages. 1973. DM 20,-

Vol. 317: Séminaire Bourbaki - vol. 1971/72. Exposés 400-417.1V,
361 pages. 1973.DM 29,-

Vol. 318: Recent Advances in Topological Dynamics. Edited by A.
Beck. VIli, 285 pages. 1973. DM 27,-

Vol. 319: Conference on Group Theory. Edited by R. W. Gatterdam
and K. W. Weston. V, 188 pages. 1973. DM 20,~

Vol. 320: Modular Functions of One Variable |. Edited by W. Kuyk. V,
195 pages. 1973. DM 20, -

Vol. 321: Seminaire de Probabilités VI Edité par P. A.Meyer. V1,322
pages. 1973. DM 29,-

Vol. 322: Nonlinear Problems in the Physical Sciences and Biology.
Edited by I. Stakgold, D. D. Joseph and D. H. Sattinger. VIIi, 357
pages. 1973. DM 29—

Vol. 323: J. L. Lions, Perturbations Singulieres dans les Problemes
aux Limites et en Contréle Optimal. XIl, 645 pages. 1973. DM 46—

Vol. 324 K. Kreith, Oscillation Theory. VI, 109 pages. 1973. DM 18.-

Vol. 325: C.-C. Chou, La Transtormation de Fourier Complexe et
L'Equation de Convolution. !X, 137 pages. 1973. DM 18-

Vol. 326: A. Robert, Elliptic Curves. VIil, 264 pages. 1973. DM 24 -

Vol. 327: E. Matlis, One-Dimensional Cohen-Macaulay Rings. XH,
157 pages. 1973. DM 20,-

Vol. 328: J. R. Biichi and D. Siefkes, The Monadic Second Order
Theory of All Countable Ordinals. VI, 217 pages. 1973. DM 22,-

Vol. 329: W. Trebels, Multipliers for (C, z)-Bounded Fourier Expan-
sions in Banach Spaces and Approximation Theory. VI, 103 pages.
1973.DM 18,-

Vol. 330: Proceedings of the Second Japan-USSR Symposium on
Probability Theory. Edited by G. Maruyama and Yu. V. Prokhorov.
VI, 550 pages. 1973.DM 40,-

Vol. 331: Summer School on Topological Vector Spaces. Edited by
L. Waelbroeck. VI, 226 pages. 1973. DM 22 -

Vol. 332: Séminaire Pierre Lelong {Analyse) Année 1971-1972.V, 131
pages. 1873. DM 18,-

Vol. 333: Numerische, insbesondere approximationstheoretische Be-
handlung von Funktionalgleichungen. Herausgegeben von R. An-
sorge und W.Tarnig. VI, 296 Seiten. 1973. DM 27,- )

Vol. 334: F. Schweiger, The Metrical Theory of Jacobi-Perron Algo-
rithm. V, 111 pages. 1973. DM 18,-

Vol. 335: H. Huck, R. Roitzsch, U. Simon, W. Vortisch, R. Walden, B.
Wegner und W. Wendland, Beweismethoden der Differentialgeome-
trie im GroBen. X, 159 Seiten. 1973. DM 20,-

Vol. 336: L'Analyse Harmonique dans le Domaine Complexe. Edité
par E. J. Akutowicz. Vi, 169 pages. 1973. DM 20,-

Vol. 337: Cambridge Summer School in Mathematical Logic. Edited
by A. R. D. Mathias and H. Rogers. IX, 660 pages. 1973. DM 46,-
Vol: 338: J. Lindenstrauss and L. Tzafriri, Classical Banach Spaces.
IX, 243 pages. 1973.DM 24~

Vol. 339: G. Kempf, F. Knudsen, D. Mumford and B. Saint-Donat,
Toroidal Embeddings 1. VIil, 209 pages. 1973. DM 22 -

Vol. 340: Groupes de Monodromie en Géométrie Algébrique.
(SGA 7 ll). Par P. Deligne et N. Katz. X, 438 pages. 1973. DM 44,-

Vol. 341: Aigebraic K-Theory I, Higher K-Theories. Edited by
H. Bass. XV, 335 pages. 1973. DM 29,-




Vol. 342: Algebraic K-Theory I, "Classical* Aigebraic K-Theory,
and Connections with Arithmetic. Edited by H. Bass. XV, 527
pages. 1973. DM 40,-

Vol. 343: Algebraic K-Theory lll, Hermitian K-Theory and Geo-
metric Applications. Edited by H. Bass. XV, 572 pages. 1973.
DM 40,-
Vol. 344: A. S. Troelstra {(Editor), Metamathematicat investigation
of Intuitionistic Arithmetic and Analysis. XV, 485 pages. 1973.
DM 38~

Vol. 345: Proceedings of a Conference on Operator Theory.
Edited by P. A. Fillmore. VI, 228 pages. 1973. DM 22~

Vol. 346: Futik et al., Spectral Analysis of Nonlinear Operators.
Il, 287 pages. 1973. DM 26,-

Vol. 347: J. M. Boardman and R. M. Vogt, Homotopy Invariant
Algebraic Structures on Topological Spaces. X, 257 pages.
1973. DM 24—

Vol. 348: A. M. Mathai and R. K. Saxena, Generalized Hyper-
geometric Functions with Applications in Statistics and Physical
Sciences. VI, 314 pages. 1973. DM 26,

Vol. 349: Modular Functions of One Variable li. Edited by W. Kuyk
and P. Deligne. V, 598 pages. 1973. DM 38.-

Vol. 350: Modular Functions of One Variable Iil. Edited by W.
Kuyk and J.-P. Serre. V, 350 pages. 1973. DM 26,-

Vol. 351: H. Tachikawa, Quasi-Frobenius Rings and Generaliza-
tions. X|, 172 pages. 1973. DM 20,-

Vol. 352: J. D. Fay, Theta Functions on Riemann Surfaces. V,
137 pages. 1973. DM 18-

Voi. 353: Proceedings of the Conference. on Orders, Group
Rings and Related Topics. Organized by J. S Hsia. M. L. Madan
and T. G. Ralley. X, 224 pages. 1973. DM 22.-

Vol. 354 K. J. Devtin, Aspects of Constructibility. X}, 240 pages.
1973. DM 24 -

Vol. 355: M. Sion, A Theory of Semigroup Valued Measures.
V, 140 pages. 1973. DM 18,~

Vol. 356: W. L. J. van der Kallen, Infinitesimally Centrai-Exten-
sions of Chevalley Groups. Vi, 147 pages. 1973. DM 18,-

Vol. 357: W. Borho, P. Gabriel und R. Rentschler, Primideale
in Einhullenden auflésbarer Lie-Algebren. V., 182 Seiten. 1973.
DM 20,-

Vol. 358: F. L. Wilhams, Tensor Products of Principal Series
Representations. Vi, 132 pages. 1973. DM 18-

Vol. 359: U. Stammbach, Homology in Group Theory. Vi, 183
pages. 1973, DM 20,-

Vol. 360: W. J. Padgett and R. L. Taylor, Laws of Large Numbers
for Normed Linear Spaces and Certain Frechet Spaces. VI,
111 pages. 1973. DM 18,-

Vol. 361: J. W. Schutz, Foundations of Special Relativity: Kine-
matic Axioms for Minkowski Space Time. XX, 314 pages. 1973.
DM 26,-

Vol. 362: Proceedings of the Conference on Numerical Solution
of Ordinary Ditferential Equations. Edited by D. Bettis. VI,
490 pages. 1974. DM 34—

Vol. 363: Conference on the Numerical Solution of Differential
Equations. Edited by G. A. Watson. IX, 221 pages. 1974. DM 20,~

Vol. 364: Proceedings on Infinite Dimensional Holomorphy.

Edited by T. L. Hayden and T. J. Suffridge. Vil, 212 pages. 1974.
DM 20,

Vol. 365: R. P. Gilbert, Constructive Methods for Elliptic Equa-
tions. Vi, 397 pages. 1974. DM 26,-

Vol. 366: R. Steinberg, Conjugacy Classes in Algebraic Groups
(Notes by V. V. Deodhar). Vi, 1569 pages. 1974. DM 18,-

Vol. 367: K. Langmann und W. Liitkebohmert, Cousinverteilun-
gen und Fortsetzungssatze. VI, 151 Seiten. 1974. DM 16,

Vol. 368: R. J. Milgram, Unstable Homotopy from the Stable
Point of View. V, 109 pages. 1874. DM 16,~

Vol. 369: Victoria Symposium on Nonstandard Analysis. Edited
by A. Hurd and P. Loeb. XVili, 339 pages. 1974. DM 26,

Vol. 370: B. Mazur and W. Messing, Universal Extensions and
One Dimensional Crystalline Cohomology. VIl, 134 pages. 1974.
DM 16,-

Vol. 371: V. Poenaru, Analyse Différentielle. V, 228 pages. 1974.
DM 20,-

Vol. 372: Proceedings of the Second International Conference
on the Theory of Groups 1973. Edited by M. F. Newman. Vii,
740 pages. 1974. DM 48,-

Vol. 373 A. E. R. Woodcock and T. Poston, A Geometrical Study
of the Elementary Catastrophes. V, 257 pages. 1974. DM 22.-
Vol. 374: S. Yamamuro, Differential Calculus in Topoiogical
Linear Spaces. IV, 179 pages. 1974. DM 18,-

Vol. 375: Topology Conference 1973. Edited by R. F. Dickman
jr. and P. Fletcher. X, 283 pages. 1974. DM 24 -

Vol. 376 D. B. Osteyee and |. J Good, Information, Weight of
Evidence. the Singuiarity between Probability Measures and
Signal Detection. Xi, 156 pages. 1974. DM 16.-

Vol. 377: A. M. Fink, Aimost Periodic Differential Equations.
vHl, 336 pages. 1974. DM 26,—

Vol. 378: TOPO 72 - General Topology and its Apphcations.
Proceedings 1972. Edited by R Alo, R W. Heath and J. Nagata.
XIV, 651 pages. 1974. DM 50.-

Vol. 379: A. Badrikian et S. Chevet, Mesures Cylhindnques,
Espaces de Wiener et Fonctions Aléatoires Gaussiennes. X,
383 pages. 1974. DM 32.-

Vol. 380: M. Petrich, Rings and Semigroups. VIli, 182 pages.
1974. DM 18,-

Vol. 381: Séminaire de Probabilités Vill. Edité par P. A. Meyer.
IX, 354 pages. 1974. DM 32—

Vol 382: J. H. van Lint, Combinatorial Theory Seminar Eind-
hoven University of Technology. Vi, 131 pages. 1974. DM 18.-

Vol. 383 Seminaire Bourbak: - vol. 1972/73. Exposés 418-435
IV, 334 pages. 1974. DM 30 -

Vol. 384: Functional Analysis and Applications, Proceedings
1972. Edited by L. Nachbin. V, 270 pages. 1974. DM 22,-

Vol 385: J. Douglas Jr. and T. Dupont, Collocation Methods for
Parabolic Equations 1n a Single Space Variable (Based on C -
Piecewtse-Polynomial Spaces). V. 147 pages. 1974. DM 16.-

Vol. 386: J. Tits, Buildings of Spherical Type and Finite BN-
Parrs. IX, 299 pages. 1974. DM 24,-

Vol. 387: C. P. Bruter, Elements de la Theorie des Matroides.
V. 138 pages. 1974. DM 18~

Vol. 388: R. L. Lipsman, Group Representations. X, 166 pages.
1974. DM 20,-

Vol. 389: M.-A. Knus et M. Ojanguren, Théorie de la Descente
et Algebres d' Azumaya. IV, 163 pages. 1974. DM 20.-

Vol. 390: P. A. Meyer. P. Pnouret et F. Spitzer, Ecole d'Ete de
Probabilites de Saint-Flour Il - 1973. Edité par A Badnkian
et P.-L Hennequin. VIli, 189 pages. 1974. DM 20,-

Vol. 391: J. Gray, Formal Category Theory: Adjointness for 2-
Categories. Xil, 282 pages. 1974. DM 24~

Vol. 392: Geéometrnie Differentielle, Colloque, Santiago de
Compostela, Espagne 1972. Edité par E. Vidal. VI, 225 pages.
1974. DM 20,-

Vol. 393: G. Wassermann, Stability of Unfoldings. IX, 164 pages.
1974, DM 20,-

Vol. 394 : W. M. Patterson 3rd. Iterative Methods for the Solution
of a Linear Operator Equation in Hilbert Space - A Survey.
ill, 183 pages. 1974. DM 20 .-

Vol 395 Numerische Behandlung nichtiinearer integrodifferen-
tial- und Differentialgleichungen. Tagung 1973. Herausgegeben
von R. Ansorge und W. Tormig. VIl 313 Seiten. 1974. DM 28,-
Vol. 386 K. H. Hofmann, M. Mislove and A. Stralka. The Pontry-

agin Duality of Compact O-Dimensional Semilattices and its
Appiications. XVI, 122 pages. 1974. DM 18,-

Vol. 397: T. Yamada, The Schur Subgroup of the Brauer Group.
V, 158 pages. 1974. DM 18 -

Vol. 398: Theories de I'information, Actes des Rencontres de
Marseille-Luminy, 1973. Edité par J. Kampé de Fériet et C. Picard.
XIl, 201 pages. 1974. DM 23 -




Vol. 399: Functional Analysis and its Applications, Proceedings
1973. Edited by H. G. Garnir, K. R. Unni and J. H. Williamson.
XVIl, 569 pages. 1974. DM 44—

Vol. 400: A Crash Course on Kleinian Groups — San Francisco
1974. Edited by L. Bers and I. Kra. VI, 130 pages. 1974. DM 18,-

Vol. 401: F. Atiyah, Eliiptic Operators and Compact Groups.
V, 93 pages. 1974. DM 18,-

Vol. 402: M. Waldschmidt, Nombres Transcendants. VIII, 277
pages. 1974. DM 25,-

Vol. 403: Combinatorial Mathematics - Proceedings 1972. Edited
by D. A. Holton. VHI, 148 pages. 1974. DM 18,-

Vol. 404: Théorie du Potentiel et Analyse Harmonigue. Edité par
J. Faraut. V, 245 pages. 1974. DM 25,-

Vol. 405: K. Devlin and H. Johnsbraten, The Souslin Probiem.
VHI, 132 pages. 1974. DM 18-

Vol. 406: Graphs and Combinatorics — Proceedings 1973. Edited
by R. A. Bari and F. Harary. Vili, 355 pages. 1974. DM 30,-

Vol. 407: P. Berthelot, Cohomologie Cristalline des Schémas de
Caracteristique p > o. Vill, 598 pages. 1974. DM 44,-

Vol. 408: J. Wermer, Potential Theory. VIli, 146 pages. 1974.
DM 18,~

Vol. 409: Fonctions de Plusieurs Variables Complexes, Séminaire
Frangois Norguet 1970-1973. XIil, 612 pages. 1974. DM 47,-

Vol. 410: Séminaire Pierre Lelong (Analyse) Année 1972-1973.
VI, 181 pages. 1974. DM 18,-

Vol. 411: Hypergraph Seminar. Ohio State University, 1972.
Edited by C. Berge and D. Ray-Chaudhlri. iX, 287 pages. 1974.
DM 28,-

Vol. 412: Classification of Algebraic Varieties and Compact
Complex Manifolds. Proceedings 1974. Edited by H. Popp. V,
333 pages. 1974. DM 30,-

Vol. 413: M. Bruneau, Variation Totale d'une Fonction. XIV, 332
pages. 1974. DM 30,-

Vol. 414: T. Kambayashi, M. Miyanishi and M. Takeuchi, Uni-
potent Algebraic Groups. VI, 165 pages. 1974 OM 20,-

Vol. 415: Ordinary and Partial Differential Equations, Proceedings
of the Conference held at Dundee, 1974. XVII, 447 pages. 1974.
DM 37,-

Vol. 416: M. E. Taylor, Pseudo Differential Operators. IV, 155
pages. 1974. DM 18,-

Vol. 417: H. H. Keller, Differential Calculus in Locally Convex
Spaces. XVI, 131 pages. 1974. DM 18, -

Vol. 418: Localization in Group Theory and Homotopy Theory
and Related Topics Batteile Seattle 1974 Seminar. Edited by
P. J. Hilton. VI, 171 pages. 1974. DM 20,-

Vol. 419: Topics in Analysis - Proceedings 1970. Edited by
O.E. Lehto, . S. Louhivaara, and R. H. Nevanlinna. Xlll, 391 pages.
1974. DM 35,-

Vol. 420: Category Seminar. Proceedings, Sydney Category
Theory Seminar 1972/73. Edited by G. M. Kelly. Vi, 375 pages.
1974. DM 32,-

Vol. 421: V. Poénaru, Groupes Discrets. VI, 216 pages. 1974.
DM 23,-

Vol. 422: J.-M. Lemaire, Algébres Connexes et Homologie des
Espaces de Lacets. XIV, 133 pages. 1974. DM 23,-

Vol. 423: S. S. Abhyankar and A. M. Sathaye, Geometric Theory
of Algebraic Space Curves. XIV, 302 pages. 1974. DM 28,~
Vol. 424: L. Weiss and J. Wolfowitz, Maximum Probability
Estimators and Related Topics. V, 106 pages. 1974. DM 18,-
Vol. 425: P. R. Chernoff and J. E. Marsden, Properties of infinite
Dimensional Hamiltorman Systems. IV, 160 pages. 1974. DM 20,-
Vol. 426: M. L. Silverstein, Symmetric Markov Processes. IX,
287 pages. 1974. DM 28,-

Vol. 427: H. Omori, Infinite Dimensional Lie Transformation
Groups. Xli, 149 pages. 1974. DM 20,-

Vol. 428: Algebraic and Geometrical Methods in Topology, Pro-
ceedings 1973. Edited by L. F. McAuley. Xi, 280 pages. 1974,
DM 28,-

Vol. 429: L. Cohn, Analytic Theory of the Harish-Chandra C-
Function. IV, 154 pages. 1974. DM 18-

Vol. 430: Constructive and Computational Methods for Differen-
tial and Integral Equations. Symposium 1974, Edited by D. L.
Colton and R P. Gilbert. VI, 476 pages. 1974, DM 37,

Vol.'431: Séminaire Bourbaki - vol. 1973/74. Exposés 436-452.
IV, 347 pages. 1975. DM 30,-

Vol. 432: R. P. Pflug, Holomorphiegebiete, pseudokonvexe Ge-
biete und das Levi-Problem. Vi, 210 Seiten. 1975. DM 23,-

Vol. 433: W. G. Faris, Self-Adjoint Operators. VI, 115 pages.
1975. DM 18,-

Vol. 434: P. Brenner, V. Thomée, and L. B. Wahlbin, Besov
Spaces and Applications to Difference Methods for Initial Value
Problems. II, 154 pages. 1975. DM 18,~

Vol. 435: C. F. Dunki and D. E. Ramirez, Representations of Com-
mutative Semitopological Semigroups. VI, 181 pages. 1975.
DM 20,-

Vol. 436 L. Auslanderand R. Tolimieri, Abelian Harmonic Analysis,
Theta Functions and Function Algebras on a Nilmanifold. V, 99
pages. 1975. DM 18,~

Vol. 437: D. W. Masser, Elliptic Functions and Transcendence.
XIV, 143 pages. 1975. DM 18,-

Vol. 438: Geometric Topology, Proceedings 1974. Edited by
L. C. Glaser and T. B. Rushing. X, 459 pages. 1975. DM 37,-
Vol. 438: K. Ueno, Classification Theory of Algebraic Varieties
and Compact Complex Spaces. XIX, 278 pages. 1875. DM 28,-
Vol. 440: R. K. Getoor, Markov Processes: Ray Processes and
Right Processes. V, 118 pages. 1975. DM 18,-

Vol. 441: N. Jacobson, Pl-Algebras. An Introduction. V, 115 pages.
1975. DM 18,-

Vol. 442: C. H. Wilcox, Scattering Theory for the d'Alembert
Equation in Exterior Domains. Il, 184 pages. 1975. DM 20,~




CONTENTS

Preface . . . . ¢ v « « ¢ ¢ ¢ ¢ e e e e e e e e .
Lecture 1. Introduction . . ¢ ¢« <« ¢ « o « + « « =«

Lecture 2. Solutions of the d'Alembert Equation
in R L L L L L L s e e e e e e e e e e e

Lecture 3. Solutions of the d'Alembert Equation
in Arbitrary DOmMains . . « « « « o & o« o« « +

Lecture 4. Steady-State Scattering Theory in
Exterior Domains and the Limiting Absorption
Principle . . . . ¢ . . v v v 0 v 0 e v e e

Lecture 5. Time-Dependent Scattering Theory in
Exterior DOmains . . . « « ¢ ¢ o + o s+ s s s

Lecture 6. Steady-State Scattering Theory and
Eigenfunction Expansions for A . . . . . . .

Lecture 7. Wave Operators and Asymptotic Solutions
of the d'Alembert Equation in Exterior
DOMAINS & v v v ¢ o« 2+ o« + « * « + v v e e e

Lecture 8. Asymptotic Wave Functions and Energy
Distributions in Exterior Domains . . . . . .

Appendix. An Existence Proof for the Wave
Operators Based on the Abstract Theory of

Scattering of M. S, Birman . . . . . . . . . .

References . . . . . ¢ v v i e v e v e e e e e

14

39

49

76

84

124

142

167

180



PREFACE

These lecture notes are the written version of a
series of lectures given at Tulane University during the
spring semester of 1974 and, in expanded form, at the
University of Stuttgart during the summer semester of
1974. The goal of the lectures was to present a complete
and self-contained exposition of the mathematical theory
of scattering for a simple, but typical, wave propagation
problem of classical physics. The problem selected for
this purpose was that of the scattering of acoustic waves
by a bounded rigid obstacle immersed in a homogeneous
fluid. Wwhen formulated mathematically the problem be-
comes an initial-boundary value problem for the
d'Alembert wave equation in an exterior domain. The lec-
ture notes present a simple approach to this problem
based on a selfadjoint extension of the Laplacian in
Hilbert space. The principal results presented in the
notes are the construction of eigenfunction expansions
for the Laplacian and the calculation of the asymptotic
form of solutions of the d'Alembert equation for large
values of the time parameter.

The theory developed in the notes is an exposition
and synthesis of results developed by several authors
during a period of more than twelve years, unified and
extended by a number of new results due to the author. A

discussion of the related literature is given in Lecture



1. The new results which are presented here for the
first time include the results on asymptotic wave func-
tions for the d'Alembert equation (Lectures 2 and 8),
the direct proof of the existence and structure of the
wave operators based on the eigenfunction expansion
(Lecture 7) and the proofs of the limiting absorption
principle and eigenfunction expansion theorem for do-
mains with non-smooth boundaries (Lectures 4 and 6) .
One interesting feature of the method developed here is
that it makes no use of coercivity or elliptic estimates
near the boundary for the Laplacian. 1In fact these con-
Cepts are not even mentioned in the lecture notes.

Before preparing these notes the author benefited
from a number of discussions with Dr. William C. Lyford
concerning eigenfunction expansions and scattering
theory in domains with non-smooth boundaries. It is a
pleasure to acknowledge his assistance.

The author would like to thank Professors
E. D. Conway, J. A. Goldstein and S. I. Rosencrans of
Tulane University and Professor Peter Werner of the
University of Stuttgart for the opportunity to present
these lectures at their universities. The lectures at
Tulane were supported by a grant from the Ford Founda-
tion. Moreover, the preparation of the written version
of the lecture notes was supported in part by the U. s,
Office of Naval Research. This support is hereby

gratefully acknowledged.

Calvin H, Wilcox



LECTURE 1. INTRODUCTION

These lectures deal with the physical problem of the
scattering of acoustic waves by a bounded rigid dbstacle
' immersed in an unlimited homogeneous fluid, It is as-
sumed that a small-amplitude perturbation of the fluid
exists at time t =0 (due, for example, to forces act-
ing during t < 0). The basic physical problem is to
predict the evolution of the resulting acoustic wave
during t > 0. This problem is solved below for arbi-
trary initial states with finite energy and a class of
obstacles with irregular (non-smooth) surfaces. The
class of allowable obstacles includes all of the simple,
but non-smooth, surfaces that arise in applications,
such as polyhedra, finite sections of cylinders, cones,
spheres, disks, etc. One of the principal results of
the analysis is that every wave with finite energy is
asymptotically equal for t » < to a diverging spheri-
cal wave. Moreover, it is shown how the profile of this
wave can be calculated from the initial state. These
results are then used to calculate the asymptotic dis-
tribution of the energy for t > =,

The following notation will be used in the mathema-
tical formulation of acoustic wave propagation problem.
R denotes the field of real numbers, R" = R xR x
XR (n factors), teR and x = (xl RPNy xn)

n n .
eR . Q cR denotes an exterior domain; that is, §



4

is an open connected subset of R® and T =R" - Q is
bounded .

The acoustic wave propagation problem, when formu-—
lated mathematically, leads to the following initial-
boundary value problem for the d'Alembert wave equation

[92]. A function
(1.1) u :R XQ >R
is sought such that

(1.2) D2u —-(D2u+D2u+...+D2u)=O for teR, x4,
0] 1 2 n

(1.3) D\)u Elelu+v2D2u+ et vnDnu=O for telR, x € 392,

(1.4) u(0,x) =f(x) and Dou(O,x) =g(x) for x € Q.

Here DO = 3/3t, Dj = 3/3xj for 3 =1,2,...,n, 23R
represents the boundary of  and v = (\)l PV, ...,vn)
represents a unit vector normal to 32 at x. The
functions f(x) and g(x) are prescribed real-valued
functions on .

These equations and variables have the following
physical interpretation for the acoustic wave propaga-
tion problem. n is the space-dimension (n =1,2 or
3 in the applications). § represents the homogeneous
fluid with sound speed c =1 and T =R" - Q repre-
sents the scattering obstacle. The function u(t,x)
is the acoustic potential. Thus v = Vu =

(Dlu, DU, ..., Dnu) represents the fluid velocity

2
and p = Dou represents the excess pressure of the

acoustic disturbance. The d'Alembert wave equation



(1.2) is a consequence of the linearized equations of
fluid dynamics; see, e.g. [9]. The Neumann boundary con-
dition (1.3) describes the condition that [ is rigid.
The prescribed functions f£f(x) and g(x) represent the
initial state of the acoustic field.

If K < £ then the quantity

n
(1.5) Ewx,0 = [ 2 Dae,xnl? ax,
k=0
K

where dx = dxldx dxn , 1s interpreted as the

5 v
acoustic energy in the set X at time t. In particular,
solutions of (1.2), (1.3) satisfy the principle of con-

servation of energy:
(1.6) E(uIQIt) = E(ulﬂlo) = const., te R,

where the constant may be finite or infinite. These
lectures are concerned primarily with solutions with fi-
nite energy or "solutions WFE" as they will be called
for brevity. The primary goal of these lectures is to
study the asymptotic behavior for t - « of these solu-
tions and the associated theory of scattering. In par-

ticular, the following topics are treated.

THE TRANSIENCY OF THE ENERGY IN BOUNDED SETS. Physical
intuition suggests that if u is a solution WFE in an

exterior domain & then

(1.7) lim E(u, KnQ, t) =0 if X 1is bounded;
>

that is, the energy ultimately propagates out of every

bounded set. A proof of this property is given in Lec-



ture 5.

ASYMPTOTIC WAVE FUNCTIONS. Each initial state wFE sat-
isfies

L 2 2
(1.8) E(u,2,0) = (Z {o £(x) 1} + g(x) )dx < o

Q k=1

Such states are "quasi-localized" in the sense that to
each € > 0 there corresponds a radius R = R(e¢) such

that
(1.9) E(u,2,0) - € < E(u, B(R) nQ, 0) < E(u,Q,0)
where

(1.10) B(R) = {x : |x| < R}.

It follows that at any time tO > 0 the energy is con-
tained in B(R + to) n &, apart from a wave of total
energy less than €. Moreover, the energy propagdates
outward, by (1.7). This suggests that the velocity

2 0
asymptotically like a diverging spherical wave:

>
v = (Dlu, Dou, ..., Dnu) and pressure p = D u behave

Dku(t,x) ~ u: (t,x), t -+ =, where

(1.11) 1-n

u:(t,x) = |x| 2 Fk(lxl-t, x/[x[),
in the sense that, for k = 0,1, 2, ..., n,

(1.12) lim {Dult,x) - w (t,x)}° dx = 0.

tow JQ k

o)
Functions uk (t,x) of the form defined in (1.11) will



be called "asymptotic wave functions". It is shown below
that each solution wFE has unique asymptotic wave func-
tions such that (1.12) holds. Moreover, the "wave pro-
files™" Fk(r,n), with reR, n ¢ Sn—l ={x e R":

lxl = 1}, are calculated from the initial state f,g.
ASYMPTOTIC ENERGY DISTRIBUTIONS. Consider a cone

(1.13) C={x=xn :r>0, ne¢ Co c s .
Properties (1.7), (1.11), (1.12) imply that the fraction

of the total energy E(u,,0) which is contained in C

at time t tends to a limit as t - ®, More precisely,

n
(1.14) 1lim E(u, Co2, t) = > {F (x,m}? an ar
e R Jc_ K0

-1
where dn denotes the element of area on s” . This
behavior is verified below and the ultimate enerqgy dis-
tribution (1.14) is calculated as a function of the ini-

tial state f,qg.

SCATTERING THEORY. The time~dependent theory of scat-
tering deals with the asymptotic equality of two systems
for t > ». Consider two exterior domains, Ql and

92 » and corresponding solutions WwFE, ul(t,x) and
u2(t,x). The solutions will be said to be "asymptoti-

cally equal in energy" for t - o if

1.1 im E(u. -u_,
( 5) lim (ul u2 Q. nQ

, t) =0,
£oo0 1 2

Note that if ul(t,x) and uz(t,x) are asymptotically
equal to the same solution WFE uo(t,x) in =" (no



obstacle) then (1.15) follows by the triangle inequality.
Hence, to study asymptotic equality it is enough to com-
pare solutions wu(t,x) 1in exterior domains § with
solutions uo(t,x) in R®R". Moreover, uo(t,x) will

also have asymptotic wave functions, say

[ee]
D uo(t,x) ~ uko(t,x), t > », where

k
(1.16) 1-n

wo (e = x| 2 F x| -t x/lxl).
Hence, the relation
(1.17) lim E(u -ug , 0, t) =0

oo
will follow from (1.11) and (1.16) if the initial state
f ,g for u can be adjusted so that the profiles

0] 0 0

FkO and Fk coincide. It is shown below that this is

always possible. The initial states f and f,g

o’ 9
are related by a "wave operator" in the sense of the
time-dependent theory of scattering.

The remaining lectures are organized as follows.

LECTURE 2. SOLUTIONS OF THE D'ALEMBERT EQUATION IN ZRn.
Here solutions in R" are constructed by means of the
Plancherel theory and used to derive the asymptotic
behavior (1.11), (1.12) for the special case of solu-

tions WFE in R" (no boundary) .

LECTURE 3. SOLUTIONS OF THE D'ALEMBERT EQUATION IN
ARBITRARY DOMAINS. In this lecture § < RD represents
an arbitrary domain ( = open connected subset), A

selfadjoint operator A on the Hilbert space L2(Q) is



defined by the negative Laplacian, acting on a domain of
functions which satisfy the Neumann condition in a
suitably generalized sense. The spectral theorem for A
is then used to discuss "solutions in Lz(ﬂ)" and

"solutions wFE" of the initial-boundary value problem.

LECTURE 4. STEADY-STATE SCATTERING THEORY IN EXTERIOR
DOMAINS AND THE LIMITING ABSORPTION PRINCIPLE, Here the
steady-state scattering problem is formulated for the
d'Alembert equation in exterior domains and the unique-
ness and existence of solutions is proved. The existence
theorem is a corollary of a "limiting absorption theorem"
which is the principal result of this lecture. It states
that the resolvent Rz = (A - z)_l has limits, in a
certain topology, when =z tends to points of the spec-
trum of A. The proof of the theorem, and of most of

the results in the subsequent lectures, are based on a
version of the Rellich selection theorem [1,31] for the
domain Q. This is the only point in the theory where a
restriction is imposed on the boundary of . The
Rellich theorem is established here for a class of do-
mains called "domains with the finite tiling property".
The class contains all the domains with piece-wise smooth
boundaries having edges and corners that occur in
applications, as well as many domains with highly singu-

lar boundaries.

LECTURE 5. TIME-DEPENDENT SCATTERING THEORY IN EXTERIOR
DOMAINS. The lecture begins with F. Rellich's classical
theorem that the operator A has no point spectrum,

Then the limiting absorption theorem is shown to imply



